Some of the earliest studies of retroviral integration targeting reported that sites of gammaretroviral DNA integration were positively correlated with DNase I-hypersensitive sites in chromatin. This led to the suggestion that open chromatin was favorable for integration. More recent deep sequencing experiments confirmed that gammaretroviral integration sites and DNase I cleavage sites are associated in genome-wide surveys. Paradoxically, in vitro studies of integration show that nucleosomal DNA is actually favored over naked DNA, raising the question of whether integration target DNA in chromosomes is wrapped in nucleosomes or nucleosome free. In this study we examined gammaretroviral integration by infecting primary human CD4
Integration of a DNA copy of the retroviral RNA genome is an essential step in the viral replication cycle. Integration targeting in cellular chromosomes is not random-early studies reported that gammaretrovirus integration occurred preferentially near DNase I-hypersensitive sites, suggesting integration near promoters in actively transcribed chromatin domains (39, 47, 55) . Chromatin structure in such regions has been suggested to be open in some incompletely defined sense, potentially correlating with reduced nucleosome occupancy (for recent work, see references 23, 38, 50, and 52) . This led to the proposal that steric hindrance by nucleosome occupancy might prevent retroviral integration.
With the development of methods for studying integration in vitro it became possible to compare integration into nucleosomal and naked DNA templates. Surprisingly, these studies showed that purified integrase preferentially utilizes histoneassociated DNA over naked DNA, and the association of DNA with histones increased integration at particular sites which are not favored in naked DNA (41, 42, 45) . Integration into nucleosomal DNA in vitro showed a 10-base periodicity, consistent with integration in outward facing DNA major grooves (34, 44, 45) . The most kinked regions of nucleosomal DNA were shown to be particularly favored (41, 42) . Integration of gammaretroviral DNA into simian virus 40 (SV40) minichromosomes in vivo, in contrast, did not show a periodic pattern (43) . This reopened the question of the relationship of gammaretroviral integration and nucleosomal DNA, particularly given the early observations of association with DNase I-hypersensitive sites. In addition, for the early in vitro integration reactions, in many cases only a single viral DNA end was joined to target DNA, leaving open the question of the influence of nucleosome binding on more authentic reactions in which correctly spaced pairs of viral DNA ends become coordinately integrated.
Recent studies using high-throughput sequencing have determined that integration of the prototype gammaretrovirus murine leukemia virus (MLV) preferentially takes place near transcription start sites (8, 9, 14, 17, 33, 56, 61) and regions less than 1 kb from DNase I-hypersensitive sites (5, 28) . MLV integration is also favored in areas of high CpG island density, GC content, and several histone methylation marks, all of which are normally associated with the promoters and transcription start sites of active genes. Similar to MLV, integration of XMRV, another gammaretrovirus, favors integration near the same set of features (26, 27) . XMRV has been proposed to be a human pathogen (30, 49) , but recent data suggest that it may instead be a laboratory contaminant (19, 22, 35, 46) . In the studies described below, XMRV serves as a second model gammaretrovirus.
Gammaretroviral integration site selection is distinct from that of HIV. Genome-wide sequencing studies identified active transcription units as the preferred target for HIV integration (33, 51) , with the entire length of transcription units favored, not just the transcription start site as with gammaretroviruses. The relationship of HIV integration to predicted nucleosome positions was investigated in a large study of HIV integration (40,000 unique sites), revealing a 10-bp periodicity in sites of high integration frequency that corresponded to outward-facing major grooves on DNA wrapped around a histone octamer (57) . A second study characterizing HIV integration in primary human T cells yielded a similar periodic pattern (58) . These data establish that the step at which HIV preintegration com-plexes capture target DNA and commit to integration often takes place on nucleosome-wrapped DNA in chromosomes in vivo. DNA binding proteins in addition to integrase also can bind to histone-associated DNA-for example, binding of NF-B is known to be almost unaffected by the presence or absence of histone octamers (1) .
In this study, we sought to investigate the relationship between nucleosome structure in cellular chromosomes and gammaretrovirus integration in vivo. We studied integration by XMRV or an MLV-based vector in CD4 ϩ T cells. T cells were chosen for study because of the particularly deep genome-wide mapping of epigenetic modification and chromosome-bound proteins available (3, 50, 60) . We isolated 32,585 unique integration sites, thereby producing the largest data sets for XMRV and for MLV in CD4 ϩ T cells to date. We analyzed the sequence surrounding each integration site with nucleosome position prediction software (24, 25, 52) in order to identify sites favored for integration on nucleosome-wrapped DNA and further characterized integration frequency near additional forms of genome-wide annotation.
MATERIALS AND METHODS
Preparation of XMRV and MLV-based vector. To produce XMRV, LNCaP (ATCC CRL-1740) cells maintained in RPMI were seeded (1.6 ϫ 10 6 cells) in a T25 flask and transfected with pXRMVJ7 (49) and Lipofectamine LTX according to the manufacturers' recommendations. Two days after transfection, medium containing XMRV was collected and diluted 1:1 with RPMI medium. This was used to infect a separate flask of LNCaP cells seeded 1.6 ϫ 10 6 cells in a T25 flask. The newly infected cells were maintained in culture for 1 month, establishing chronic infection.
In order to produce the MLV-based vector, 293T cells (maintained in Dulbecco modified Eagle medium [DMEM]) were transfected with the MLV vector plasmid pMLV LTR-GFP, the packaging construct pCGP, and pMD.G, which produces the envelope protein VSV-G. Vector containing supernatant was collected after 48 h, filtered, concentrated, and treated with DNase I. PT67 cells (Clontech 631510) were transduced twice with the 293T cell-produced vector to produce a 10A1-pseudotyped, MLV-based vector-producing cell line.
Transduction of primary human CD4 ؉ T cells. Primary human CD4 ϩ T cells were purified by the University of Pennsylvania Immunology Core from mononuclear leukapheresis product using negative selection by adding antibodies specific for HLA-DR, CD21, CD16, CD11b, CD14, and CD8 to peripheral blood lymphocytes (PBLs) and separating the cells with Dynal GAM-coated beads. Purified CD4 ϩ T cells were activated with 5 g/ml of PHA-L and maintained in RPMI supplemented with 10% heat-inactivated fetal bovine serum (FBS), 100 U/ml interleukin 2 (IL-2), and 1% penicillin-streptomycin. CD4 ϩ T cells were infected with XMRV-using spinoculation. Briefly, 5 days postplating, the XMRV-containing medium from chronically infected LNCaP cells was collected and spun to remove cell debris. PHA-L-activated CD4 ϩ T cells were resuspended at 0.5 ϫ 10 6 cells/ml in XMRV-containing supernatant. The cell suspension was then transferred to a plate and spun at 1,200 ϫ g for 3.5 h at 32°C. Following spinoculation, the cells were spun down and the virus-containing medium was removed and replaced with RPMI containing 100 U/ml IL-2. The cells were maintained for 5 days prior to harvesting of genomic DNA with the DNeasy blood and tissue kit (Qiagen). CD4 ϩ T cells were transduced with the MLV-based vector using the RetroNectinbound virus infection method, as described by the manufacturer (Takara). Briefly, vector-containing medium was collected from freshly passaged 10A1 pseudotyped MLV-based vector-producing cells (described earlier) after 48 h of incubation at 37°C. The vector-containing medium was centrifuged to remove cell debris and filtered. The vector was then bound to RetroNectin-coated plates (catalog no. T110A; Takara) by centrifugation at 1,200 ϫ g for 2 h at 32°C. Activated CD4 ϩ T cells at 0.5 ϫ 10 6 cells/ml were then added to the prepared plates and incubated at 32°C. After 18 h, the transduction procedure was repeated. After both transductions, the cells were maintained for 5 days before harvesting of genomic DNA with the DNeasy blood and tissue kit (Qiagen).
Recovery of integration sites and analysis of integration site distributions. Recovery of integration sites was performed as previously described (13, 57) . Briefly, two recovery methods were used. In one, linkers were ligated to restriction enzyme-digested genomic DNA from infected cells and nested PCR was used to amplify virus-host DNA junctions. In the second, phage Mu transposase was used to install linkers, as described in reference 7. Different batches of samples were separately bar coded with the second pair of PCR primers. PCRamplified products were purified by binding to beads and sequenced using 454/ Roche pyrosequencing (titanium technology). Reads were quality filtered by requiring perfect matches to the long terminal repeat (LTR) linker, bar code, and flanking LTR and mapped to the human genome. All sites were required to align to the human genome within 3 bp of the LTR edge, with the great majority showing no gap. Association to genomic features and histone modifications were performed as described previously (4, 6, 32) . Nucleosome prediction was carried out using software available at http://genie.weizmann.ac.il/software/nucleo _prediction.html using 5 kb of human sequence surrounding each integration site. Fourier transform analysis was performed with Statistica (Statsoft).
RESULTS

Isolation and sequencing of integration sites. To isolate gammaretrovirus integration sites, primary human CD4
ϩ T cells were infected with XMRV or a stock of an MLV-based vector encoding green fluorescent protein (GFP). XMRV infection rates were typically 15% as determined by quantitative PCR (qPCR) (49) . MLV-based vector transduction typically yielded 30% GFP-positive cells. Cells were harvested 5 days after infection, and the genomic DNA was purified. Gammaretrovirus integration sites were isolated using ligation-mediated PCR after cleaving genomic DNA with BstYI, NlaIII, MseI, and Tsp509I, followed by linker ligation, or by using Mu transposase in vitro to install linkers in genomic DNA (7) . A total of 122,900 sequence reads were obtained, which, after quality filtering and dereplication, yielded 32,585 unique integration sites ( Table 1) .
As controls, three random positions in the genome were matched with every integration site. Random sites were picked from a set of computationally generated sites equally as distant from the restriction enzyme cleavage site as that used in isolation of the experimental site. In the subsequent statistical analysis, experimental integration sites were compared with matched random controls to minimize the effects of recovery bias.
Integration near transcription start sites and DNase I-hypersensitive sites. We first confirmed that our MLV and XMRV data sets showed the expected distributions for gammaretroviruses, specifically a preference for integration near transcription start sites and DNase I-hypersensitive sites. Integration less than 2 kb from RefSeq transcription start sites was especially favored for MLV-23.5% of integration events occurred within that window (Fig. 1A) . XMRV also favored integration near transcription start sites (15.6% of sites were less than 2 kb from RefSeq transcription start sites). In contrast, HIV integration was disfavored near transcription start sites. Both gammaretroviruses also favored integration near DNase I cleavage sites (Fig. 1B) . Fully 40.9% of MLV integration sites and 36.1% of XMRV integration sites were within 1 kb of a DNase I cleavage site.
Prediction of nucleosome positions and the relationship to integration frequency. We investigated the relationship of gammaretroviral integration to nucleosome positions by using nucleosome prediction software to call the locations of nucleosomes in a 5-kb window surrounding each integration site or matched random control. To determine nucleosome locations, we used the DNA-nucleosome interaction model developed by Segal et al. (24, 25, 52) . In addition, we reanalyzed the two previously studied HIV integration site data sets from infections of Jurkat cells (57) and T cells (58) in parallel.
We first investigated the frequency of integration at different locations on the nucleosome surface. We extracted those integration sites expected to lie on nucleosome surfaces and quantified the distance from each integration site to the nucleosome dyad axis of symmetry. For the data in Fig. 2 , we used the nucleosome prediction method described in reference 52, as was used previously for HIV in references 57 and 58, though several other nucleosome prediction methods yielded similar results (data not shown). Figure 2A to D shows the frequency of retrovirus integration at each position on the nucleosome summarized over all integration sites in each experiment. The graph for the two previously studied HIV data sets ( Fig. 2A and B, black line) shows a periodic pattern of high and low values with a minimum at zero, which corresponds to the nucleosome center of symmetry (57, 58) . The matched random controls, in contrast, showed little or no variation in frequency relative to positioning on the nucleosome.
For both MLV and XMRV, the positioning of integration sites with respect to the nucleosome dyad also showed a periodic pattern with minima near zero ( Fig. 2C and D, black line) . The amplitudes and patterns for MLV and XMRV closely resemble those for HIV. No periodic pattern was seen for the gammaretroviral matched random controls ( Fig. 2C and D, gray trace on each panel). Figure 2E to H show Fourier transform analysis of the data in Fig. 2A to D, which summarizes the amplitude and period of the curves. The peak with the highest periodogram value for all four integration site data sets has a value of 10.4 bp, which corresponds to the number of base pairs per turn of the B-DNA double helix (Fig. 2E to H, dark curve). In contrast, the matched random control sites did not show a dominant period (Fig. 2E to H, gray curve barely visible along the x axis). Retroviral DNA integration is known to be favored on outward-facing DNA major grooves in vitro, and previously this periodic pattern was seen for HIV integration sites and interpreted as indicating that the integration is favored at these positions in vivo. We thus infer that gammaretroviral integration also can take place at outward-facing nucleosomes in chromosomes in vivo (diagramed in Fig. 2I ).
We also investigated the total fraction of integration sites predicted to be on nucleosomes for each virus. We compared separate versions of the nucleosome prediction software, using several choices for the parameters, and also compared nucleosome occupancy data for T cells generated using chromatin immunoprecipitation with high-throughput sequencing (ChIPseq) (23, 38, 50, 52) . We found that the absolute number of integration sites on nucleosomes was strongly influenced by the software, search parameters, and data sets used. For nucleosome predictions generated as in Fig. 2 , about 70% of integration sites were called as nucleosome associated. No consistent differences were seen among the different retroviruses or between experimental integration sites and matched random controls. Comparison to the data on genome-wide mapping of nucleosome positions by ChIP-seq, in contrast, suggested that 50 to 60% of integration sites were nucleosome associated (23, 38, 50, 52) . Using these nucleosome positions, a slightly greater proportion of experimental integration sites were called as nucleosomal compared to matched random controls. Thus, the relative frequency of integration on nucleosomes is method dependent and not fully clarified by the available data.
It may seem surprising that periodic patterns of integration on the nucleosome surface are discernible (Fig. 2) despite the divergence of the underlying annotation generated using the different methods for calling nucleosome positions. However, the method of Widom, Segal, and coworkers used here takes account of local sequence features which are well established to influence the energetics of DNA bending. Thus, the predictors seem to be effective at determining the rotational orientation of DNA once nucleosome bound, despite uncertainty in the total percentages on nucleosomes. We return to this issue in the Discussion. Gammaretroviral integration frequency relative to epigenetic marks and bound proteins. To explore further potential associations between integration targeting and nucleosome structure, we compared integration site density with genomewide annotation of positions of histone posttranslational modification and bound cellular proteins in CD4 ϩ T cells (3, 50, 60) . Figure 3 summarizes the data as a heat map indicating associations between genomic annotation and integration frequency. For each tile on the heat map, the relative frequency of integration near a genomic feature is compared to the frequency in matched random controls using the ROC area method (4), and trends are indicated by the color code. The statistical significance of comparisons to matched random controls is reported by the asterisks on each tile.
Histone methylation. Integration sites for both HIV and gammaretroviruses are enriched in regions containing histone methylation marks associated with active genes and promoter regions, as anticipated from previous literature (17, 21, 26, 57, 58) . For example, H2BK5me1, H3K4me1, H3K4me2, H3K9me1, H3K27me1, and H4K20me1 modifications, all known to be associated with actively transcribed genes and their promoter regions, were all highly enriched near HIV and gammaretrovirus integration sites compared to results for matched random controls. In contrast, histone methylation marks associated with silent genes and promoters were depleted in areas surrounding retrovirus integration sites. In some cases, these histone modifications mediate effects on chromatin structure. Di-and trimethylations of H3K9 are known to recruit HP1, a protein that mediates gene silencing, a state unfavorable for retrovirus integration (2). H3K27me2 and H3K27me3, additional marks of inactive chromatin, were also depleted near both HIV and gammaretrovirus integration sites.
Histone acetylation. Unlike histone methylation, histone acetylation is mainly associated with actively transcribed genes. When 18 histone acetylation marks were examined, enrichment was found within a 10-kb window around both HIV and gammaretrovirus integration sites. Although the majority of acetylation is associated with active genes, there is some positional preference. For example, H2AK9ac, H3K9ac, H3K18ac, and H3K36ac are more frequently found in the region surrounding the transcription start site. Accordingly, these modifications are slightly less enriched surrounding HIV integration sites, which are found primarily within transcription units.
Bound proteins. We next analyzed the association of gammaretrovirus and HIV integration sites with binding sites for host cell proteins. The modified histone H2A.Z is found associated with active gene promoters and is rarely present within transcription units. As expected, the 10-kb region surrounding HIV integration sites was depleted of the binding of H2A.Z, while the 10 kb surrounding gammaretrovirus integration sites was enriched, reflecting the known integration preferences of gammaretroviruses and indicating that H2A.Z-containing promoters are among those favored for integration. The zinc finger protein CCCTC-binding factor CTCF is known to be involved in myriad functions, including gene activation, repression, and insulation (40) . There is also evidence for its involvement in intra-and interchromosomal contacts. CTCF binding is correlated with gene density, and it most often binds in intergenic regions. CTCF binding is enriched near HIV integration sites and is highly enriched near gammaretrovirus integration sites, attributable to the tendency of gammaretroviruses to integrate near gene boundaries. REST, also known as neuron restrictive silencing factor (NRSF), regulates gene expression by recruiting chromatin-modifying proteins (37) . The region surrounding HIV integration was slightly enriched in REST binding, as was the region surrounding gammaretrovirus integration sites. Bound RNA polymerase II (Pol II) was found to be enriched near both HIV and gammaretrovirus integration sites. Bound histone acetyltransferases (HATs) and histone deacetyltransferases (HDACs) were enriched near both HIV and gammaretroviruses. HATs and HDACs work together to specify the acetylation state of chromatin. Recent genome-wide studies show that both HATs and HDACs bind to transcriptionally active genes and that the binding is medi- Integration site data sets are indicated in the columns; epigenetic marks and bound proteins (quantified using ChIP-seq data) are indicated in the rows. ChIP-seq data for T cells was from references 3, 50, and 60. The frequency of integration sites relative to the matched random controls was quantified using the ROC area method (4) . Each tile in the heat map summarizes the trends in the integration site data set versus matched random controls for each form of annotation indicated at the left side of the panel. An ROC area of 0.5 indicates no distinction between integration site data sets and the matched random controls for the ChIP-seq-annotated feature. Values greater than 0.5 indicate a positive association; values less than 0.5 indicate a negative association. ROC areas were calculated using a 10-kb window surrounding integration sites. Enrichment of a particular feature relative to the integration site data set is indicated in blue, and depletion of a feature is indicated in yellow. *** , P Ͻ 0.001. For methods used in the statistical tests see reference 4.
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ated by phosphorylated RNA Pol II (60) . Thus, the localization of HATs and HDACs at active transcription units explains their enrichment surrounding retrovirus integration sites. Gammaretroviral integration frequency relative to genomic landmarks. We also tested associations of HIV and gammaretrovirus integration sites with additional genomic landmarks (Fig. 4) . Gammaretroviruses favored integration near transcription start sites and in regions enriched in DNase I sites, CpG islands, gene density, highly expressed genes, and high GC content (Fig. 4, right two columns) , as reported previously. HIV integration is more frequent within transcription units and near associated features, including gene density, CpG island density, and highly expressed genes (33, 51) . Both gammaretroviruses and HIV show favored integration in broad regions (Ͼ2 kb) of high GC content. However, in shorter regions (Ͻ2 kb) HIV shows less strong favoring of GC-rich regions or even a preference for AT, while gammaretroviruses favor high GC regions of all window sizes.
DISCUSSION
We report here the largest integration site data sets yet generated for MLV and XMRV and use them to investigate the extent to which chromosomal target DNA in vivo is associated with nucleosomes. We used nucleosome prediction methods to call positions of nucleosomes in the regions surrounding integration sites. Integration sites from MLV, XMRV, and HIV were aligned relative to the nucleosome dyad axis, and integration frequencies were compared along the nucleosome-wrapped DNA chain. This showed a periodic increased frequency of integration at specific positions on the nucleosome (Fig. 2) , with peaks separated by approximately A minimum was found at the nucleosome dyad axis, indicating disfavored integration at the DNA minor groove at the dyad, consistent with the known placement of the initial points of viral DNA joining at phosphates on either side of a target DNA major groove (41, 45) . Maxima in the integration intensity corresponded to alternate major grooves. No such pattern was seen for matched random controls. We infer that gammaretrovirus integration in vivo is favored at outward facing major grooves of DNA wrapped around nucleosomes, as with HIV (57, 58) . Thus, gammaretrovirus integration can take place in nucleosomal DNA despite favoring targets quite close to DNase I-hypersensitive sites.
The recently published structure of the prototype foamy virus (PFV) intasome bound to model target DNA showed the target DNA to be bent away from the integration complex, roughly as expected for nucleosome-wrapped DNA (31) . Thus, data for all the retroviruses studied-PFV, HIV, MLV, and XMRV-suggests that capture of integration targets often takes place when DNA is wrapped on nucleosomes.
It is perhaps surprising that we were able to detect the periodic pattern of integration frequency relative to nucleosome annotation given that the total nucleosome occupancy at integration sites differed depending on the annotation method used. However, the nature of the prediction method, which incorporates well-studied characteristics of DNA bending, appears to be favorable for detecting the periodic pattern. In DNA bends, AA, TT, and TA dinucleotide steps tend to expand the major groove, while GC steps tend to contract the major groove, so that bending is achieved by a 5-bp half-turn spacing of A/T-rich and G/C-rich sequences (48) . Given these sequence-directed characteristics, the conformation of a DNA chain on the nucleosome surface can be inferred relatively well, allowing, for example, the design of DNAs that bind to the core histone octamer particularly tightly (42, 59) . Absolute occupancy is dependent on additional factors which are not encoded in the DNA sequence, such as concentrations of the reactants and interactions of nucleosomes with other proteins, and is therefore more difficult to calculate. Thus, the use of computationally generated nucleosome positions for identifying periodic integration intensity is effective even when calling the absolute nucleosome occupancy is more difficult.
What proportion of gammaretrovirus integration sites are on nucleosomes? The periodic pattern indicates that target capture for some integration events involves nucleosomebound DNA, but even the lowest "trough" positions in the periodic pattern show detectable integration frequency. The finding of the trough sites may indicate that some of the integration events take place on DNA that is not associated with nucleosomes. However, it is also possible that an error in the nucleosome calls or positioning of DNA on histones falsely suggests that integration takes place in trough positions. These uncertainties prevent definitive assessment of the proportion of integration events on nucleosomes, and we conclude only that we have evidence that some gammaretroviral target capture events involve nucleosome-associated DNA.
One model for favored MLV integration at transcription start sites would hold that integration is disfavored due to wrapping in nucleosomes, so that promoters are favored due to a lack of bound nucleosomes. Potentially consistent with this, detailed mapping of nucleosome positions indicates that the ϳ50 to 100 bp at the transcription start site is depleted for nucleosomes (for a review, see reference 23). However, the data presented here argue against the restricted access model because at least some of the gammaretroviral integration takes place on nucleosome-wrapped DNA, as shown by the periodic pattern, and the region for favored gammaretrovirus integration extends ϳ2 kb in each direction (Fig. 1) , a region that is wider than the nucleosome-free region.
If absence of nucleosomes does not account for favored MLV integration at transcription start sites, then how do MLV preintegration complexes recognize favored sites? For HIV, favored integration in active transcription units is a result of tethering by the LEDGF/p75 transcriptional mediator protein.
HIV integrase binds to a C-terminal domain of LEDGF/p75 (10, 11, 16, 29) . The N-terminal domains of LEDGF/p75 direct binding to active transcription units (15) . Depleting cells for LEDGF/p75 reduces the favoring of integration in transcription units (12, 32, 53) , and swapping the LEDGF/p75 N-terminal domains for other chromatin binding domains retargets HIV DNA integration to new locations (18, 20, 54) . One of the goals of this study was to probe the deep annotation of T cells for strongly correlated features, potentially providing clues to the nature of a possible tethering protein for gammaretroviruses. However, analysis to date has not disclosed any single strong candidate that predicts gammaretroviral integration patterns. Rather, a collection of histone marks and bound proteins associated with active transcription units all are correlated, so that no single candidate for a tethering factor stands out. Going forward, as more genome-wide annotation accumulates for T cells it will be possible to use the data sets reported here to assess correlations with integration intensity and newly mapped chromatin-bound proteins, allowing additional candidate factors to be investigated.
